Introduction
============

The population of patients requiring or electing to undergo a peripheral vascular operation often presents with multiple comorbidities, including chronic cardiac disease. Among the list of complications that may occur with vascular operations, postoperative adverse cardiac events such as myocardial ischemia or infarction are among the most common due to the frequency of coexisting atherosclerotic coronary disease. As these patients are at particularly high risk for postoperative cardiac complications, many proposals and algorithms for perioperative optimization have been suggested and studied in the literature.

The approaches to preoperative optimization have been multifactorial, including many controversial management strategies with conflicting data presented. Several authors have advocated for and against fluid management, pharmacotherapy, and coronary revascularization. Preoperative optimizations of vascular surgery patients will need to include many different strategies and be individualized to each patient; however, a definitive approach is still unclear. These patients have a range of comorbidities, and each patient has varying severity of each comorbidity. In this review, we aim to evaluate the current body of knowledge on cardiac optimization of vascular patients before elective vascular operations and make recommendations for the most beneficial approach to these patients.

Assessing cardiac risk
======================

Prior to any vascular procedure, whether performed in an open or endovascular manner, an assessment of a patient's risk for a cardiac event should be performed. Numerous models designed to assess such risks have been designed. Presently, the most prevalent of such tools is the Revised Cardiac Risk Index (RCRI), also known as the Lee Index.[@b1-vhrm-11-379]--[@b3-vhrm-11-379] This well-known and well-studied tool stratifies patients into three risk categories (low, intermediate, and high) using six variables. While numerous studies have validated this tool for major noncardiac surgery, its accuracy with respect to noncardiac vascular surgery (NCVS) patients has been called into question due to it being derived from a diverse population undergoing a wide range of surgical procedures with only a small subset undergoing NCVS and matching the typical vascular patient profile.[@b4-vhrm-11-379]

More recently, the Vascular Study Group of New England (VSGNE) developed the Vascular Study Group of New England Cardiac Risk Index (VSG-CRI) as an "accurate, practical and comprehensive risk prediction model" for patients undergoing NCVS.[@b5-vhrm-11-379] The VSG-CRI includes nine variables (age, smoking, insulin-dependent diabetes, coronary artery disease \[CAD\], congestive heart failure, abnormal cardiac stress test, long-term β-blocker treatment, chronic obstructive pulmonary disease, and serum creatinine level ≥1.8 mg/dL). Only four of these variables were included in RCRI (insulin-dependent diabetes, CAD, congestive heart failure, and renal insufficiency). Not only the VSGNE found that RCRI underestimated actual cardiac complications in the vascular population, but also the VSG-CRI accurately predicted the actual risk of cardiac complications across the four procedures studied (carotid endarterectomy, lower extremity bypass, endovascular abdominal aortic aneurysm repair, and open infra-renal abdominal aortic aneurysm repair) for low- and high-risk patients when compared to RCRI.[@b5-vhrm-11-379] Thus, it is important to assess the patient's risk for the specific operation they are to undergo, open or endovascular. As many endovascular operations may be performed under local anesthesia only, the risk of a perioperative cardiac event may be lower. However, it is important to risk stratifying the patient, as an endovascular operation may need to be converted to an open procedure or the patient may need an additional or adjunct procedure.

Current American Heart Association/American College of Cardiology (AHA/ACC) recommendations for the assessment of intermediate- and high-risk patients (as defined per RCRI) include performing cardiac exercise test, pharmacologic stress test, and electrocardiograms and assessing the left ventricular function; however, the latter is not as well supported in the literature.[@b6-vhrm-11-379]--[@b8-vhrm-11-379] Myocardial perfusion imaging using thallium has become a popular method of preoperative cardiac assessment. Unlike exercise stress tests, patients are not limited due to various comorbidities and disabilities. While advantageous in that regard, myocardial scintigraphy can expose the patient to an extraordinarily high amount of radiation, especially if using dual isotope scans. A meta-analysis comparing myocardial scintigraphy and stress echocardiogram showed that stress echocardiograms are twice as accurate as a predictor of postoperative cardiac events.[@b9-vhrm-11-379],[@b10-vhrm-11-379] Specifically, thallium imaging was found to have higher rates of false negatives. Therefore, stress echocardiogram, whenever possible, is a superior tool for cardiac risk assessment. Routine cardiac angiography and prophylactic percutaneous cardiac interventions are not recommended except in circumstances in which revascularization is indicated according to existing guidelines. For patients who are deemed to be at low risk, no further cardiac assessment is required.

Fluid management
================

Fluid management is an essential component of perioperative surgical management for many surgical specialties, and it is especially important for vascular surgery patients. Many common morbidities from vascular surgery procedures can be attributed to intravascular or extravascular etiologies. These include intravascular loss leading to hemodynamic instability or extravasation of intravascular fluids due to systemic inflammation, both of which can be complicated in patients with pre-existing cardiovascular disease. Historically, pulmonary artery catheters (PACs) were placed to optimize a patient before surgery as well as for hemodynamic monitoring. After studies by Berlauk et al, it was also thought that optimizing certain hemodynamic markers such as cardiac index, pulmonary wedge pressure, and systemic vascular resistance using PAC would improve outcomes of patients undergoing vascular surgery.[@b11-vhrm-11-379] However, their results have not been repeated in subsequent studies. Bender et al demonstrated that patients optimized with PAC parameters were not shown to have significantly improved perioperative mortality, decreased complications, or decreased lengths of stay while receiving significantly more fluids compared to those in the control groups.[@b12-vhrm-11-379]

Common postoperative morbidities related to fluid status include compromised cardiac and pulmonary functions, most often related to edema and increased vascular permeability. McArdle et al showed that patients who underwent open abdominal vascular surgery with a restricted perioperative fluid regimen vs standard therapy had fewer complications, reduced morbidity, and shorter length of stay without an increase in hypovolemia-related complications such as renal dysfunction.[@b13-vhrm-11-379] Furthermore, these authors reported several cases of acute delirium in standard therapy patients, which was conjectured to be directly caused by cerebral edema secondary to hypervolemia or indirectly caused by cerebral hypoxia secondary to cardiopulmonary dysfunction from hypervolemia. Additionally, a 2012 meta-analysis of studies from as early as 1988 showed that "goal-directed" fluid therapy was more beneficial to patients undergoing major surgeries than "liberal" fluid administration.[@b14-vhrm-11-379] In this study of 3,861 patients in 23 randomized controlled trials of various fluid management strategies, not only were more fluid used compared to the respective control arms, but also there were highly different outcomes. More liberal fluid usage was associated with higher rates of pneumonia, pulmonary edema, and corresponding longer hospital stays.[@b14-vhrm-11-379]

Conversely, a broad meta-analysis of 14 randomized control trials from 2007 to 2013 showed that patients treated with postoperative goal-directed fluid therapy based on dynamic parameters experienced significantly less complications as well as shorter Intensive Care Unit stays, although overall length of hospital stay did not decrease.[@b15-vhrm-11-379] The authors highlight the use of dynamic parameters such as stroke volume variation to optimize hemodynamic status. However, promising, additional studies are required on the use of dynamic parameters as well as the values of dynamic parameters, especially in vascular surgery.

Pharmacotherapy
===============

Beta-blocker usage
------------------

Beta-blockers are one of the most commonly used medications, and their use has been widely studied in vascular surgery patients, a population who may be especially prone to cardiac complications. Perioperative beta-blocking agents have been found to reduce adverse cardiac events as well as deaths. The most notable exception to this was the POISE trial, which showed that while extended-release metoprolol reduced the risks of myocardial infarction, cardiac revascularization, and atrial fibrillation, it also increased the incidence of bradycardia, hypotension, stroke, and death.[@b16-vhrm-11-379] However, this large randomized controlled trial performed in 190 hospitals in 23 countries utilized a generalized regimen of metoprolol as well as higher than normal dosages, which are thought to have contributed to many of the reported negative effects. Aside from the dosage of beta-blocker, the preoperative timing of administering beta-blockers has also been shown to play a role in postoperative complications. In the POISE trial, metoprolol was administered 2--4 hours before the beginning of the procedure. Ellenberger et al further studied the timing of preoperative beta-blockers using propensity score matching to create 301 patient pairs who were well balanced for major comorbidities, concomitant drug use, and type of surgery.[@b17-vhrm-11-379] These authors found that in patients undergoing elective noncardiac surgery, acute beta-blockade (started within 2 days after surgery) was associated with significantly higher incidence of postoperative adverse cardiac events than chronic beta-blockade.

We recognize that the data concerning beta-blockade has been controversial, with studies showing the short-term benefits but others demonstrating a possible increased postoperative risk of mortality with chronic usage.[@b5-vhrm-11-379],[@b16-vhrm-11-379],[@b17-vhrm-11-379] The VSGNE worked to increase the percentage of patients given beta-blocking agents before elective vascular surgery.[@b18-vhrm-11-379] However, in the VSG-CRI, long-term beta-blockade was one of the nine factors contributing for an increased postoperative risk of major adverse cardiac events (MACEs).[@b5-vhrm-11-379] Lindenauer et al found in a large retrospective study published in 2005 that "perioperative beta-blocker therapy was associated with a reduced risk of in-hospital death among high-risk, but not low-risk, patients undergoing major noncardiac surgery".[@b19-vhrm-11-379] Thus, it appears from the literature that beta-blockade should be used in specific high-risk individuals. The literature supports judicious perioperative beta-blocker administration in those deemed at high or highest risk for an elective vascular procedure.

Pharmacotherapy -- antiplatelet therapy
---------------------------------------

There are many indications for antiplatelet therapy, and consequently, antiplatelet therapy is common among vascular surgery patients. For patients about to undergo vascular surgery, a careful decision needs to be made regarding the patients' anticoagulation status. Just as vascular patients require anticoagulation after peripheral vascular interventions, it is important to ascertain if the patient has had coronary stents implanted, and if so, when. The most recent AHA/ACC guidelines recommend, if possible, to delay surgery until after 4--6 weeks after stent implantation, the reason being that risks of coronary stent thrombosis, and consequently, MACEs are the highest during that time.[@b20-vhrm-11-379] If surgery is urgent, dual antiplatelet therapy should not be discontinued unless the risk of bleeding outweighs the benefit of stent thrombosis.[@b20-vhrm-11-379],[@b21-vhrm-11-379] For patients with coronary stents after this period who requires elective noncardiac surgery, recent studies have shown to be in favor of continuing aspirin. The POISE-2 trial demonstrated that while rates of major intra-operative bleeding is significantly higher in the aspirin group compared to the placebo group, mortality rate and rate of cardiac events were insignificant between the two groups.[@b22-vhrm-11-379] Calderaro et al had similar conclusions as the POISE-2 trial, and they further suggest that aspirin responsiveness is possibly related to cardiovascular events.[@b23-vhrm-11-379] In addition to aspirin, thienopyridine-class antiplatelet agents are also employed frequently in vascular patients.[@b24-vhrm-11-379] Saadeh and Sfeir found that the continuation of clopidogrel was not associated with increased bleeding complications in various vascular procedures, although the standard practice is to traditionally discontinue this particular agent.[@b25-vhrm-11-379]

In addition to aspirin and thienopyridine-class antiplatelet agents, novel anticoagulation agents are being used more. While these new agents have their own advantages, disadvantages such as lack of a reversing agent are important factors to consider in the evaluation of preoperative patients. Currently, there have been no published studies involving these agents and vascular patients. However, in other noncardiac surgery studies, patients are stratified based on the risk of bleeding, the risk of thrombosis, and the procedure involved, and high-risk patients are bridged over to low-molecular-weight heparin before surgery. Consultation to cardiology and open communication between the surgeon and the patient are also important in making medication changes before surgery.

Preoperative cardiac revascularization
======================================

Generally, patients undergoing elective vascular surgery often suffer from coexisting CAD, as evidenced by the high rates found in preoperative screening and the incidence of perioperative adverse cardiac events. In addition to assessing the patients for risk of cardiac events, cardiac-specific issues (such as the need for cardiac revascularization) should be addressed before elective vascular surgery to mitigate these risks. Initial practice had been to screen for and, if necessary, undergo cardiac revascularization before proceeding to treat the peripheral vascular disease. While the newest American Heart Association (AHA) guidelines do not recommend routine invasive catheterizations and revascularizations,[@b7-vhrm-11-379] there is still controversy surrounding preoperative assessment of a vascular surgery patient. McFalls et al in the CARP trial demonstrated that revascularization before elective vascular surgery does not significantly improve long-term outcomes.[@b26-vhrm-11-379] Patients with CAD that was clinically significant but stable, who underwent routine revascularization, did not experience an improvement in either overall mortality or other outcomes such as postoperative myocardial infarction, stroke, limb loss, or renal failure. In a different study, in patients with medium-to-high risks, Monaco et al found that patients who underwent routine coronary angiography and necessary subsequent revascularization have better postoperative outcomes compared to those who were first screened by noninvasive stress imaging tests.[@b27-vhrm-11-379] Thus, there continues to be controversy surrounding the role of cardiac revascularization of patients before vascular surgery. Nonetheless, it is crucial to assess an individual patient's status relative to cardiac disease and the stability of their cardiac disease, and proceed accordingly.

Remote ischemic preconditioning
===============================

Ischemic preconditioning is a phenomenon that was first described in 1986 in which ischemic myocardial tissue is protected by preceding, sublethal ischemic events with intermittent reperfusion.[@b28-vhrm-11-379],[@b29-vhrm-11-379] This concept has been applied to patients undergoing cardiac surgery with positive results.[@b30-vhrm-11-379],[@b31-vhrm-11-379] Remote ischemic preconditioning (RIPC) works at end organs under the same principle to offer similar protection to other organ systems.[@b32-vhrm-11-379]--[@b34-vhrm-11-379] For patients requiring cardiac revascularization, the Cardiac Remote Ischemic Preconditioning in Coronary Stenting study showed a significant decrease in the incidence of MACEs.[@b31-vhrm-11-379] In peripheral vascular patients, RIPC before elective open abdominal aortic aneurysm repair induced by sequential cross-clamping of both common iliac arteries for 10 minutes with an equal period of reperfusion before cross-clamping the aorta reduced myocardial injury by 27% and myocardial infarction by 22%.[@b35-vhrm-11-379] An ongoing study (CRIPES trial; clinical trials.gov identifier NCT01403337) aims to study the effect of RIPC using upper arm compression for 24 hours before elective major vascular surgery. Outcomes from that study are currently pending.

Renal insufficiency
===================

Similar to how vascular patients tend to have cardiac comorbidities, renal disease from a variety of pathologies is a common comorbidity as well. For these patients, the presence or the absence of anemia, thrombocytopenia, electrolyte imbalances, and acid--base abnormalities should be determined and addressed before surgery.[@b36-vhrm-11-379] For patients with end-stage renal disease approaching the need for hemodialysis, Gajdos et al found that these patients, notably 65 years or older, have especially poor postoperative prognosis and argue for a higher threshold of major vascular surgery for this patient population.[@b37-vhrm-11-379] Additionally, a baseline renal function should be determined as renal insufficiency that can contribute to postoperative complications. This is especially important in endovascular procedures, in which chronic kidney disease patients are especially susceptible to contrast-induced nephropathy. For patients whose kidney functions could not tolerate typical contrast, gadolinium-based contrast is offered as an alternative. Although rare, surgeons should be aware of the condition known as nephrogenic systemic fibrosis or nephrogenic fibrosing dermopathy, in which patients develop systemic fibrosis, brought on by the use of gadolinium-based contrast. Lastly, renal artery stenting is not recommended for patients with known renal artery stenosis. The 2014 CORAL trial showed no significant improvement in adverse cardiovascular and renal events in patients who underwent stenting and medical management compared to medical management alone.[@b38-vhrm-11-379]

Carotid disease
===============

The practice of routine screening for significant carotid stenosis has been addressed in the literature often with controversial recommendations. The expectation of routine screening is to ultimately identify patients who may benefit from prophylactic carotid interventions to reduce the risk of a perioperative neurologic event with an elective vascular procedure. The majority of the literature has focused on the need for carotid procedures before or concomitantly with coronary artery bypass grafting.[@b39-vhrm-11-379]--[@b41-vhrm-11-379] The decision is clear for patients who have a significant symptomatic carotid stenosis; these patients require urgent intervention. However, in 2015, the management of an asymptomatic carotid stenosis is the subject of much controversy.[@b42-vhrm-11-379]--[@b45-vhrm-11-379] Many studies now advocate for modern best medical management in the patients with asymptomatic carotid disease. As stated by Naylor, "a small cohort of 'high-risk for stroke' patients will undoubtedly benefit from intervention and our goal must be to identify and treat these individuals, rather than continuing with a policy of mass intervention that benefits very few patients in the long term".[@b46-vhrm-11-379]

Conclusion
==========

There has been tremendous progress in reducing the morbidity and mortality that typically surrounds vascular surgery procedures, and preoperative assessment and optimization have played a significant role therein. Additionally, preoperative optimization may require consultants in other specialties. A meticulous physician must recognize the need for a multidisciplinary approach when necessary. Risk scoring systems, while cumbersome, should direct optimization by determining whether patient is at low, medium, or high risk for perioperative adverse cardiac events. By having more specific data and risk stratification systems, such as the predictability of the VSG-CRI,[@b5-vhrm-11-379] surgeons and anesthesiologists can have improved clinical decision making. Published guidelines have excellent information and guidance, but one first needs to assess the patient to apply the correct treatment algorithm.[@b7-vhrm-11-379] Just as outstanding technical surgical skills are vital to patient outcomes, careful perioperative assessment and clinical management are equally important tools to ensuring excellent clinical outcomes and low complication profiles.
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